A method is described that permits the selection of spontaneously transformed mammary epithelial colonies from an untransformed mouse mammary epithelial cell line, NMuMG, and utilizes a long-term anchorageindependent growth of the transformants on soft agarose. These transformed cells (NMuMG-ST) are shown to be distinguishable from the untransformed cells by morphology, growth characteristics, induced carcinomas when transplanted into nude mice and ability to metastasize. This transformed phenotype displayed focal, multilayer growth and higher saturation density in comparison with the untransformed phenotype. Transplanted tumors as well as metastatic lung tumors in nude mice were adenocarcinomas morphologically similar to typical mammary tumors in humans. This selection procedure of mutant mammary cells from an immortalized cell line derived from normal mammary glands could be very useful to identify the genomic biomarkers in the growth regulation and malignant progression of breast cancer.
Introduction
One of the major objectives of cancer research is the elucidation of the fundamental molecular-biochemical-biological modulations that are responsible for the development of the cancer phenotype and its evolution into increasingly malignant behavior (1) . An accumulation of altered gene expression and/ or mutant genes, whose products mediate signal transduction, control cell cycle, maintain genomic stability, and mediate apoptosis and cellular senescence, is central to carcinogenesis. A healthy cell during the process of replication or growth carries the constant hazard of genetic mutation, and random changes that can impair the regulatory profile of a cell (2) . Both spontaneous and chemically induced mutations may contribute to tumor progression. To study the pathogenesis and progression of breast cancer, chemical carcinogen-treated tissue culture and animal model systems have been used extensively with limited success (3) . Mutations that cannot be attributed to the exogenous causes are considered spontaneous and may arise from endogenous causes such as depurination and depyrimidation of DNA, proofreading and mismatch errors during DNA replication, deamination of 5Јmethylcyto-cine to generate a C→T transition mutation and damage to DNA by-products of metabolism such as oxygen free radicals.
Abbreviations: FBS, fetal bovine serum; TGF-β, transforming growth factor beta.
Spontaneous mutation may also be initiated by deficiencies in the cellular defense mechanism. These include defective DNA repair, low levels of antioxidants, antioxidant enzymes and enzymes that conjugate nucleophiles with DNA damaging electrophiles (4, 5) .
Spontaneous mutagenesis may lead to spontaneous carcinogenesis. Since there are hundreds of genes that are required for the control of cell growth and the stability of the genome in somatic cells, mutations in any one of these genes could initiate tumorigenesis and/or genetic instability, which in turn contributes to the multiplicity of gene mutations and modulations observed in tumors (6) . A progressive accumulation of genetic damage and epigenetic alterations can apparently cause normal cells to become transformed and even metastatic. Identification of the mutated genes and the genes whose expression is altered is necessary for our understanding of cancer etiology and for development of strategies for chemoprevention and cancer therapy. Currently, many transformation model systems have been developed in vitro for the elucidation of genetic and epigenetic changes during carcinogenesis (4, 7, 8) .
The NMuMG mouse mammary epithelial cell line was established through spontaneous immortalization of normal mouse mammary epithelial cells (9) . The cells exhibit many normal, untransformed features (9) and were used previously for the establishment of a morphogenic model in culture (10) . In this study, we intended to develop a method to select spontaneously transformed cells from this apparently normal cell population in culture. The sustained anchorageindependent growth potential of transformed cells was exploited in a modified soft agarose assay in which a large number of cells were suspended in a culture medium for several weeks. During this period of adverse growth environment, untransformed cells underwent apoptosis, whereas transformed cells proliferated. We report here the successful isolation of a small number of colonies of transformed NMuMG cells and the characterization of this cell line for its malignant behavior.
Materials and methods

Animals
Female athymic nude mice (nu/nu), 5-6 weeks old, were obtained from Harlan Sprague-Dawley (Indianapolis, IN). The animals were housed under specific pathogen-free conditions.
Cell culture
The NMuMG mouse mammary gland epithelial cell line (9) was obtained from ATCC (Rockville, MD) at passage number 12. The cell line was adopted to McCoy's 5A medium supplemented with 10% fetal bovine serum (FBS), pyruvate, vitamins, amino acids and antibiotics (11) . Working cultures were maintained at 37°C in a humidified atmosphere of 6% CO 2 .
Isolation of clonogenic cells under suspension culture on soft agarose
NMuMG cells at passage number 18 were suspended in the 10% FBS medium and plated on the top of 1 ml solidified underlayer of 0.8% soft agarose (Life Technologies, MD) in a 6 well culture plate at 6ϫ10 4 cells/well. After 5 weeks of incubation, visible colonies identified by naked eye were selected and plated on plastic in the 10% FBS medium. The viable cells designated NMuMG-ST were passaged several times before being characterized.
Growth assays
Growth curves were determined to compare the growth rates and saturation density between NMuMG and NMuMG-ST cells. The cells were plated in 6 well plates at 6ϫ10 4 cells/well in 10% FBS medium. The medium was changed twice a week. Viable cells (trypan blue exclusion) were counted with a hemocytometer from triplicate wells every other day up to 9 days.
Soft agarose assays
To determine whether the selected cells are transformed, we first performed soft agarose assays to compare the anchorage-independent clonogenicity between the selected cells and the parental cells as described previously (12) . Briefly, cells (1.2ϫ10 4 ) were suspended in 1 ml of 0.4% soft agarose prepared in the 10% FBS medium and plated on top of a 1 ml underlayer of 0.8% soft agarose in 6 well culture plates. The plates were incubated for 2 weeks in a humidified atmosphere of 6% CO 2 at 37°C. Cell colonies were visualized by staining with 1 ml of p-iodonitrotetrazolium violet (Sigma, St Louis, MO).
Tumorigenicity and lung metastasis studies in nude mice
Tumorigenicity studies were performed as described previously (12) . Briefly, cells from exponential cultures of NMuMG and NMuMG-ST cells were inoculated subcutaneously in the flanks of 5-week-old female athymic nude mice. The growth of tumors was monitored every other day and tumor sizes were measured with a caliper in two dimensions. Tumor volumes were calculated with the equation V ϭ (LϫW 2 )ϫ0.5, where L is length and W is width of a tumor. For the lung metastasis study, lungs were removed during autopsy and examined for nodular macroscopic metastasis. These were verified by histological examinations.
Histological examinations
Subcutaneous tumor and lung specimens for histological examination were fixed in 10% buffered formalin (Fisher Scientific) for at least 24 h. Representative sections of the tumor and lung were embedded in paraffin. Tissue sections (5 µm) were cut, stained with hematoxylin and eosin and examined by light microscopy.
Results
Isolation of spontaneously transformed cells on soft agarose
To isolate a population of transformed cells from the untransformed NMuMG cells, we took advantage of the fact that transformed cells can often survive and proliferate under an anchorage-independent condition. The sustained anchorageindependent growth of a few colonies of NMuMG cells while floating on the soft agarose and their subsequent passages on plastic led to the isolation of a cell line designated NMuMG-ST. These cells were found to be remarkably different from untransformed parent NMuMG cells in morphology, growth properties, tumorigenicity and ability to cause lung metastasis.
Altered growth characteristics of NMuMG-ST cells
NMuMG cells grew as a single layer of cuboidal epithelial cells on plastic ( Figure 1A ). In contrast, NMuMG-ST cells piled up in focal areas and grew as islands ( Figure 1B ) exhibiting a transformed phenotype (13) . The multilayer growth was confirmed after we compared the growth rates and saturation density between NMuMG-ST cells and NMuMG cells. As shown in Figure 2 , after a 3-day lag phase, NMuMG-ST cells started to proliferate at a much faster rate than NMuMG cells. On day 7, NMuMG cells reached plateau phase while NMuMG-ST cells were still growing although at a slower rate. The saturation density of NMuMG-ST cells on day 9 was~2.5-fold higher than that of NMuMG cells because of the multilayer growth of NMuMG-ST cells.
Clonogenicity of NMuMG-ST cells in soft agarose
As mentioned earlier, being untransformed, NMuMG cells do not proliferate under anchorage-independent growth conditions. Therefore, they did not form any detectable colonies in soft agarose after 2 weeks of incubation (Figure 3) . In contrast, NMuMG-ST cells, being selected by suspension culture on Exponentially growing cells were inoculated subcutaneously in the flanks of athymic nude mice at a low and a high inoculum, 5ϫ10 6 and 10ϫ10 6 cells, respectively. Tumors were measured externally on the indicated days in two dimensions using a caliper. Tumor volume was determined by the equation V ϭ (LϫW 2 )ϫ0.5, where L ϭ the length and W ϭ the width of the tumor. Values are the means Ϯ SE of 8 and 10 tumors for the low and the high inoculum, respectively. soft agarose, were able to form colonies when embedded in soft agarose, and exhibited another transformation phenotype.
Tumorigenicity of NMuMG-ST cells in nude mice
Since the ability of anchorage-independent growth in vitro is often associated with tumorigenic potential in vivo, we next studied the tumorigenicity of NMuMG-ST cells in athymic nude mice. NMuMG cells did not form any visible tumors when inoculated subcutaneously in the flanks of athymic nude mice at 10 7 cells/site and incubated for up to 10 weeks. In contrast, NMuMG-ST cells started to form tumors within 5 days after inoculation at both 5ϫ10 6 and 10 7 cells/site ( Figure  4) . The higher inoculum contributed to the higher tumor growth rate (Figure 4 ). The mice with the higher inoculum started to die 18 days after inoculation. Sixty percent of them died within 28 days of the study, whereas 100% of the mice with the lower inoculum survived. However, the tumor incidence was 100% for both groups. Most of the tumors in both groups also showed ulceration of overlaying skin when the tumors were~7-9 mm in diameter.
The histopathology of the tumors showed poorly differentiated adenocarcinoma morphologically similar to mammary 
Metastatic potential of NMuMG-ST cells
The pulmonary invasion potential of the NMuMG-ST tumors was evaluated by the examination of nodular tumors on lungs. The macroscopic lung metastases (data not shown) were verified by histological examination of hematoxylin and eosin stained tissue sections. These metastases were poorly differentiated adenocarcinomas similar to the primary tumors ( Figure  6A and B) . All the animals inoculated with both the low and high cell numbers developed lung metastases by the termination of the experiments.
Discussion
This study focuses on the selection of spontaneously transformed malignant cells from the spontaneously immortalized NMuMG mouse mammary epithelial cell line. The normal cellular behavior and characteristics of NMuMG cells were previously utilized for the establishment of a morphogenic model in culture (10) , the study of transdifferentiation of mammary epithelial cells to mesenchymal cells (15), and early gene responses to TGF-β 1 (16) . In the present study, we observed that the growth of NMuMG cells required adhesion to substratum and was inhibited by cell-cell contact. In contrast, the growth of the spontaneously transformed NMuMG-ST cells was independent of anchorage and was not inhibited by cell-cell contact. NMuMG-ST cells grew into foci and showed multilayer growth with a saturation density of 2.5-fold higher than that of NMuMG cells. In addition, whereas NMuMG cells inoculated at 10 million cells/site had not formed any tumors at up to 10 weeks, NMuMG-ST cells, when inoculated into nude mice at 5 million cells/site, were highly tumorigenic and metastatic. These phenotypes of NMuMG-ST cells are all consistent with the characteristics of malignant transformation (13, 16) .
We had initially sought to select spontaneously transformed cells with the conventional soft agarose assay. However, there was no colony formation when the cells were individually separated and embedded in soft agarose after weeks of incubation. The modified soft agarose assay described in this report allowed cells to adhere to one another while still suspended in the medium. Cell aggregation appeared to have assisted the proliferation of a few transformed cells in our assay although the molecular mechanism of the cell-cell adhesion-dependent proliferation remains to be elucidated. Nevertheless, this modified soft agarose method appears to be an effective way by which cells transformed either by exogenous or endogenous factors can be isolated. A mouse rather than a human untransformed cell line was chosen to test the efficacy of the modified soft agarose method because a mouse cell is much more likely to be fully transformed than a human cell (17, 18) . As a result, the likelihood of isolating transformed cells from a mouse cell line is much higher. On the other hand, it is known that the number of events taking place during tumor progression is similar in mouse and human cells (18) . Thus, while cellular transformation can be obtained by treatment of carcinogens or overexpression of oncogenes, the spontaneously transformed NMuMG-ST cells selected in this study may comprise a cell culture model of spontaneous human breast cancer progression, which will facilitate the identification of the progressive changes in key biomarkers that mark the progression of nonmalignant to fully malignant cellular phenotype.
Immortalization of somatic cells is characterized by their indefinite growth in vitro. However, the molecular changes that lead a cell to such a phenotype are not yet fully understood. During immortalization, cells escape several crisis periods from senescence. The changes in cellular properties in the act of emerging from the crisis may continue in some susceptible cells during in vitro culture. Thus, the spontaneous mutations leading to the transformation of NMuMG cells may be initiated originally during immortalization and initial passages. Alternatively, the mutations may have been accumulated during the selection by the modified soft agarose method in which the NMuMG cells were left floating for a prolonged period of time with limited proliferation. Goldie and Coldman (19) demonstrated mathematically that higher mutational frequency was favored in slow growing spontaneous human solid tumors. In a recent report, Richards et al. (20) provided evidence that two human cell lines deficient in a key DNA mismatch repair protein accumulated many more mutations when the cells were maintained at high density with greatly diminished proliferation 1910 than when the cells were allowed to proliferate rapidly. In addition, it has been proposed by Strauss (21) that it is possible that mutations in some cells may accumulate in a timedependent manner in the absence of growth. Thus, adverse growth conditions such as denial of adhesion to substratum may promote spontaneous mutations which may result in the malignant transformation as in the case of NMuMG-ST cells.
Normal as well as untransformed cells undergo apoptosis when they are detached from extracellular matrix (22,23 and our unpublished observation). On the other hand, metastatic transformation involves degradation of extracellular matrix and translocation of freely mobile cancer cells to a new site (24) . The modified soft agarose method described in this report not only promotes apoptosis of the untransformed cells but also selects the malignant cells that can proliferate in suspension. As such, a cell line selected with this method is devoid of untransformed cells. More importantly, the cells are capable of surviving without attachment to a substratum, a prerequisite for metastasis. Indeed, the highly tumorigenic and metastatic potential of the NMuMG-ST cells is probably attributable to this type of selection process. Therefore, spontaneously transformed cells selected with the modified soft agarose method may be uniquely suited for the identification of the genes involved in tumor invasion and metastasis.
